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ABSTRACT 

During the period 1 January to >0 June 1959.   experimental techniques 
were developed for measuring slosh damping in a variety of tank and baffle 
configurations.     The various methods were compared and shown to be in 
satisfactory agreement.    The Able-Star damping investigation made use of 
one of the methods having the broadest application possibilities.    A system- 
atic variation of tank-shape parameters is continuing in support of ballistic 
missile programs like ATLAS,   TITAN,   and THOR    and in preparation for 
the needs of future space explorations systems. 

Nonlinear damping effects were investigated      Waves sweeping across a 
domed tank bottom resulted in plunging flow with high but erratic damping 
Waves splashing against damping rings were quickly damped,   but a new slosh 
mode persisted with low damping.     Further investigation of nonlinear effects 
will include measurements on the damping produced by domed roofs such as 
those used in the Able-Star propulsion system. 
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I.       INTRODUCTION 

A. General 

In an earlier stage of the Experimental Investigations of Sloshing 
(Program Plan 165*11),  data were obtained to evaluate the damping effective- 
ness of ring-baffle designs of the type used in the ATLAS and TITAN missiles. 
These data,   through direct measurement of ring force,   provided experimental 
verification of the currently used theory and resulted in an extension of the 
range of application of the theory.     Additional measurements which were made 
during the current program are providing checks by independent techniques and 
allowing consideration of an adjustment in the empirical   relationship that was 
used in the development of the ring-baffle theory. 

Exploratory investigations were made to determine the interaction of 
damping rings and the liquid surface.     The investigation of tank configuration 
was started with initial tests to determine the damping characteristics of the 
AJ10-104 Able-Star fuel and oxidizer tanks. 

B. Major Categories of the Current Investigation 

The following four major categories of the current investigation were 
outlined in Project Plan 165-11 as revised for CY  1959: 

1.       Transient Sloshing and Force Interactions 

The principal objective of the current program is to develop the 
necessary techniques and to evaluate the  slosh characteristics of tank and 
baffle systems by means of measurements of the response to programmed 
transient inputs.     In carrying out this objective;   it was planned to measure 
wave motions and forces for: 

a. Build-up (and decay) of sloshing motions as a function of 
frequency and time caused by a programmed input 

b. Rapid lowering of liquid level 
c. Changes in sloshing in the presence  of liquid rotation. 



 _ _ 
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Z.      Interaction of the Damping Ring and the Liquid Surface 

The damping of a single-ring baffle breaking through the  surface 
of the liquid was to be determined. 

3, Multiple-Ring Damping Effects 

The damping coefficients were to be determined for conditions in 
which two or more ring baffles are adjacent to one another as is the case in many 
missile applications.     It was to be determined if single-ring data can be used for 
multiple-ring situations by the application of the principle of superposition 

4. Effect of  Tank Configuration 

In the program extension,   it was indicated that various angle cones 
representing the bottom of missile tanks should be tested.     An extended list of 
the configurations was not given because it was anticipated that current needs 
might shift the emphasis during the course of the program.    Such needs,   as a 
matter of fact,   have resulted in the first measurements to determine the effects 
of configuration on cylindrical tanks with hemispherical end caps.     The  status 
of this series of measurements is indicated below along with the reports on 
other major categories of the current investigation. 

C.      Abstract of Technical Progress 

The majority of the activities during this report period have been 
directed toward the development of techniques for evaluating the slosh charac- 
teristics of tank and baffle  systems through measurements of response to 
transients.     Damping coefficients have been determined by various methods 
for typical configurations that are important for ballistic-missile and space- 
vehicle missions. 

Some preliminary runs have been made to determine the interaction 
of the damping ring with the liquid surface.     The expected very high damping 
was confirmed qualitatively,   but the technique has not been developed to a 
degree of perfection allowing accurate numerical data to be obtained.     During 
this exploration,   however,   accurate recordings were made of a new slosh 
phenomenon that had not been previously observed.     The damping coefficient and 
frequency were measured for an example of this new mode of sloshing. 
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Work has not been started on the third category of investigation 
dealing with multiple-ring damping effects.     It is believed that there is less 
question about how to handle such problems and that,   until other effects are 
determined more precisely,   it will be more advantageous to postpone this 
comparison. 

The investigation of tank configuration has been started.     The first 
runs were made with a hemispherical bottom added to the existing  1. 0-foot 
diameter cylindrical test tank so that the hemispherical dome projected up- 
wards into the tank.     Damping coefficients were determined for various liquid 
levels and for the combined effects of the bottom shape and damping ring. 
Results are  summarized below and they were used as the basis for preliminary 
recommendations on baffles for the AJ10-104 Able-Star fuel and oxidizer tanks, 

D.     Planned Program for the Next Period 

In continuing the investigation of tank configurations,   more complete 
variation of shape parameters will be made with new test tanks having a dia- 
meter of about 1. 5 feet.     There will be provision for variation in the length 
of the cylindrical section as well as for turning the hemispherical bottom and 
top caps either toward or away from the tank.     The conical bottoms mentioned 
in the program plan  can also be added to this model. 

Investigations of transients and nonlinear effects will be continued. 
Emphasis will be placed on improving the measuring techniques for high damp- 
ing rates and for a wider application to various tank and baffle configurations 
producing nonlinear effects 

II.      TECHNICAL PROGRESS 

A.      Summary 

Damping coefficient measurements have been made by five different 
methods on two tank and baffle configurations each at three-ring submergence 
ratios.     At each submergence the measurements were made for a number of 
wave amplitudes.     Three of the methods are based on   measurements of the 
slosh response to programmed inputs.     Two of the transient sloshing  methods 
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were also used on two additional tank and baffle configurations at various liquid 
levels and wave amplitudes 

Preliminary determinations were made of the interaction of the damping 
ring with the liquid surface.     During these tests records were made of a new 
slosh phenomenon that had not been previously observed.     Results of these 
measurements are given below. 

B.     Ring-Damping Measurements by Programmed Transient Methods and 
Correlation with Steady-State Results 

During the current program,   various transient methods of measurement 
were used to determine the damping coefficient for the cylindrical tank and single~ 
ring baffle combinations that were previously tested by steady-state methods. 
The width and submergence of the ring and the water depth were held the same 
as used in previous tests in order that the various transient and steady-state 
methods could be more directly compared. 

1.      Ring-Damping Theory Used as Basis for Comparison of Measure- 
ments 

The following presentation of the results of the experimental pro- 
gram is based on the equations and notation used by Miles.       The cylindrical 
tank of radius  a  containing liquid to a depth  h  is indicated in Figure  1.     An 
annular ring is attached to the inner wall of the tank at a distance   d  below the 
equilibrium free surface,   i. e. ,   at a distance   h-d  above the tank bottom.     The 
area of the ring is   atra   ,   where a is the fractional part of the cross-sectional 
area of the tank that is blocked by the ring.     This definition of  a   as the ring 
area divided by the tank area is adhered to in the experimental program  * and 
since the ring width is not always very small as assumed in theory,   the exact 
relation between   a,    a,   and the ring width is used.     This exact relation for 
the ring width is   WR   =   a(l- V l-o)  whereas the narrow   ring approximation 
is  W   «*aa/2;   or conversely,   the ring width . s characte-< )ed by the parameter 
a  that is determ.'aed by the exact equation 
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Free Surface Equilibrium 
Surface 

WR|— 

Annular Ring, 
Area   ■  ava 

Tank Area   ■  tra 

h-d 

Figure 1.        Elevation Cross-Section of Cylindrical  Tank with 
a Flat Bottom and an Annular Damping Ring. 

(340) 
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a2  -   (a  -   WR)2 

a=  2 ^- (1) 
a 

instead of the approximation   a^^Z   WR/a. 

The dominant mode of lateral slosh produces a wave amplitude 
that is greatest at the tank wall where the time-wise maximum is denoted by 
the vertical  amplitude £ .        The direction of flow in the vicinity of the wall at 
the maximum amplitude orientation is essentially vertical and normal to any 
small annular ring located a small distance below the surface.    Energy dissi- 
pation results from the wave motion being opposed by the ring pressure 
(pv   /2)C0,   where   p  is the density of the fluid,    v   is the local wave velocity 
producing the pressure,   and Cn is the local drag coefficient.     The damping 
rate is determined by the amount of this dissipation per cycle as compared 
with the total energy of motion;   or more  specifically,   with the logarithmic 
decrement  6  being log     of the ratio of the maximum wave amplitudes for 
successive slosh cycles (assuming zero input and a difference only due to the 
energy dissipation),  the damping ratio is defined as 

y   =   6/2ir. (2) 

By means of such energy considerations.   Miles      has determined the damping 
ratio as 

y   =   «Mka.   kd,   kh)  a  (£ j/a)CD (3) 

where 

(4/3ir)2f3(-d)ka tanh (kh) 
* = 1   -(l/ka)2 '4a' 

Taking Ka   ■   1. 84 for the flat-bottomed cylindrical tank as given by JLamb 
and assuming  h>a   so that the hyperbolic tangent may be approximated by 

-kd unity and  f( -d) by e ,   we obtain 

( 
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*   =   0.473e-5"<d/a). (4b) 

An empirical relation for the drag coefficient was suggested by 
Professor Garrett Birkhoff to represent,   within the limits of experimental 
and/or Reynolds number scatter,   the measurements of Keulegan and Carpenter. 
The drag coefficient was shown by their measurements to depend strongly on 
the path length of the cycle of oscillating flow as compared with the width of the 
flat plate.     Characterizing this length ratio is a "period parameter"   U    T/D. 
where U      denotes the time-wise maximum velocity,    T  the period,   and  D  the 
plate width.     The drag-coefficient relation suggested was 

CD   =   15(UmT/D)"l/2 (5) 

for the range   2^U    T/D^ 20. m 
In the present notation. 

U    T !"£,*( -d) cos el   (2ir/a)) 
-Jg-   =   l- i i   =   (2ir/a)f( -dX^AOcos 6 (6) 

where the maximum velocity term depends on the circular frequency of sloah 
u),   on the wave amplitude    £. ,   on a function   f( -d) of the depth of the ring,   and 
on the position around the ring 8;   the period term depends on the circular fre- 
quency of slosh w;   and the term corresponding to Keulegan and Carpenter's 
plate width  D  is twice the baffle width in consequence of the image effect at 
the tank wall.     For flat-bottomed cylindrical tanks where   k   =   1. 84   and assum- 

-kd ing   h^-a,   the   f( -d) term again can be replaced by e to give the  "period 
parameter" in the present notation as 

UmT/D  =   (2ir/o)    e-1-84^/*)^^) (7) 

Using this parameter in substituting equations (5) and (4b) in Equation (3), 
we obtain the damping ratio 
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Y  =   0.473 .-5-52W/'>.(ei/.)15     [(Z-/«).*1-84^»«^.)]*1/2 

.  Z.SJe-4-60^3»»3/2^,/»)1/2 (8) 

as developed by Miles. This was based on the empirical relationship for the 

Keulegan and Carpenter data and was previously considered valid only in the 

range where 

2^(UrnT/D)   --   (2tr/Q)e"1   ö4(d/a)( ^/a)^ 20. (9) 

The data taken during the current report period by programmed transient 
methods and the  steady-state data previously obtained have provided experi- 

mental ring-damping determinations in the range where the theory was pre- 
viously considered valid as well as for values of   U     T/D  down to about 0. 2 7 m   ' 

2.       Measuring Methods 

The development of damping-measurement techniques has been 

stressed during this period of the program       The  steady-state methods pre- 

viously used were considered the  most direct means of checking ring-damping 
theory but methods applicable to a greater variety of tank configurations were 

required 

In the ring-force method,   a direct measurement is made of the 

force required to anchor the ring to the tank wall.     The wave amplitude is 
simultaneously recorded.     That component of the ring force that is out of phase 
with the wave   velocity (i. e. ,   opposing wave motion) results in energy dissipa- 

tion;   it is the amount of this dissipation as compared with the total energy of 
motion that determines the damping rate 

In the drive-force method,   that component of the tank drive force 
that is in phase with the tank velocity (i   e.      delivering energy to maintain 
steady-state oscillation) is the  same as the dissipation       The damping rate for 

steady-state conditions is consequently determined by the amount of energy 
delivered to the  system as compared with the energy of wave motion. 
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In the wave-amplitude-response method,   wave amplitude as a 
function of drive frequency is determined for constant drive amplitude      At the 
dominant slosh mode,   we obtain a resonant-frequency plot which is a function 
of the  "Q" of the system or the damping ratio.     Using the fundamental   defini- 

4 
lion,   e. g. ,   see Rideout. 

^        ., Maximum stored energy, /1 n\ 
Energy dissipated per cycle * 

the  Q  is shown to be equal to the ratio of the resonant frequency   f     to the 
half-power bandwidth  Af.   i.e. , 

Q'S? (U) 

In the assumed linear  system,   the half-power points for maximum stored 
energy are the  70. 7 per cent points on the wave amplitude response curves. 
By measuring the band width  Af  and the mid-frequency or resonant frequency 
f     from these 0. 707-of-maximum amplitude points and through use of the r 5 
relation,   e. g. ,   see Terman. 

6   - -Sf (12) 

that follows from the definitions of     Q   and the logarithmic  decrement   6, 
Equations (2),   (11),   and (12) give the  damping ratio   as 

V   =  TO (»3) 

and 

V=ff (14, 
r 

Damping ratios were determined by this method as an approximation since 
strict application would require that the damping be viscous rather than vary 
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as (t./a) ' Since the information that is taken from the records is for tjealc 
and 70. 7 per cent peak amplitude,   the wave amplitude associated with the damp- 

ing coefficient was taken as 85 per cent of peak. 

The wave-amplitude-decay method makes use of measured wave 

amplitude decay after cessation of tank drive.     With zero  input,   the decreasing 
energy of motion as evidenced by decreasing wave height is due  to the energy 

dissipation by the damping mechanism.     The logarithmic decrement is log     of 

the ratio of successive wave heights.     The damping  ratio is then given by this 

logarithmic decrement divided by Zn   as indicated in Equation (2). 

Observation of the response to a transient,   i.e.,  cessation of tank 
drive,   is also used in the anchor-force-decay method.     In the assumed linear 
system,   the peak force in the rigid anchor is proportional to the peak wave 

amplitude as used in the above method.     The logarithmic decrement is then 
log     of the ratio of successive anchor-force peaks.     The damping ratio is 
determined again by Equation (2).     This method has the widest application since 

no direct observation of the internal  sloshing mechanism is required.     The 

effect of the sloshing in terms of lateral force is measured;   and it is this effect 

that is generally most pertinent to missile stability. 

3.       Comparison of Ring-Damping Measurements 

The measured damping ratios as a function of wave amplitude are 
summarized in  Tables  I and II.     Data are given for  the  above  five measuring 
methods applied to two ring widths each at three values of   submergence. 

In developing the ring-damping theory,   the assumption was made 
that the  ring is  small enough and  submerged deep enough that  the gross flow 

pattern of the   slosh wave is not affected.      The data  for  conditions conforming 

most closely to these assumptions are plotted in Figure Z.     At the deeper  of 

the two plotted values of submergence  where   (d/a)    -   0. 505,    measurements 
by the two decay methods agree with the theory given in Equation (8).     The ring- 

force and the drive-force methods gave values that  are  lower  than the theory 

predicts while the approximations by the  wave-amplitude-response  method are 
higher than theory.     Recognizing the approximations and the difficulties of 
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Table   1,       Damping Ratios for an  Annular Ring in a Cylindrical  Tank with 
a  Flat Bottom.     Ring Position (h-d)/a   -   2. 11,   Ring-width 
Parameter u   -   Ü.2J6. 

Method of 
d 
a 0. 168 ^ = 0.253 

a 
d 
a 0. 505 

Damping 

Measurement 1,/a Y ei/a Y Va 
Y 

0. 050 0. 019 0. 15 0. 026 0. 19 0.0085 
0. 082 0. 024 0. 12 0.027 0. 17 0.0071 

Ring Force 0. 11 
0. 090 

0. 027 
0. 023 

0. 11 0. 026 0. 16 
0. 14 

0.0075 
0.0064 

0. 064 0. 024 0. 13 0. 0061 

0. 050 0. 029 0. 15 0. 027 0. 19 0. 012 
0. 082 0. 025 0. 12 0. 031 0. 17 0.0093 

Drive Force 0. 11 0. 026 0. 11 0.031 0. 16 0.0091 
0. 090 0. 021 0. 14 0.0094 
0. 064 0. 027 0. 13 0.0079 

Wave Amplitude 0. 28 0. 18 0. 23 0. 040 0. 21 0. 023 
Response 0. 28 0. 18 0. 23 0. 042 0. 21 0. 024 

0. 044 0. 020 0. 052 0.016 0. 032 0. 0055 
0. 029 0. 015 0. 040 0. 014 0. 023 0.0052 
0. 042 0. 026 0.031 0. 013 0. 017 0.0052 
0. 024 0. 019 0. 022 0. 010 0. 013 0.0044 
0. 015 0. 014 0. 017 0. 0090 0. 034 0.0065 

Wave Amplitude 0. 036 0. 030 0. 051 0. 012 0. 028 0.0047 
Decay 0. 027 0. 030 0. 039 0. 012 0. 024 0. 0044 

0. 017 0. 021 0. 026 0. 015 0. 021 0.0047 
0. 012 0. 019 0. 020 0.011 
0.0085 0. 017 0. 015 0.0087 
0.0060 0. 015 

0. 042 0. 017 0. 052 0. 025 0. 032 0.0079 
0. 024 0. 017 0. 040 0. 016 0. 023 0.0059 
0. 015 0. 012 0.031 0. 014 0. 017 0.0047 

Anchor Force 0. 036 0. 026 0.022 0. 011 0. 013 0.0039 

Decay 0. 027 0. 020 0. 051 0. 022 0. 034 0. 0062 
0. 017 0. 022 0. 039 0. 015 0. 028 0.0052 
0. 012 0. 015 0. 026 0. 011 0. 024 0.0058 
0.0085 0. 014 0. 020 0. 010 0. 021 0.0041 
0.0060 

..  , 
0. 014 0. 015 0. 010 
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Table 2      Damping Ratios for an Annular Ring in a Cylindrical Tank with a Flat 
Bottom      R ing Position ih-d/a  =   2   11.  Ring -Width Pa rannet er a =  0 458 

Method of 
^ = 0. 168 
a 

5» -. 
a 

9. 253 
d 
a 

0. 505 

Damping 

Measurement e,/. Y t,/. V «,/a V 

0. 044 0. 076 0. 096 0. 056 0. 11 0. 014 
0. 049 0. 086 0. 087 0. 055 0. 18 0. 020 
0. 044 0. 081 0. 070 0. 036 0. 18 0. 019 
0. 031 0.0029 0. 089 0. 086 0. 16 0. 017 
0. 038 0. 072 0. 053 0. 032 0. 19 0.021 
0. 047 0. 045 0. 059 0. 055 0. 17 0.0086 

Ring Force 0. 037 0. 021 0. 092 0. 064 0. 19 0. 016 
0. 094 0. 064 0. 13 0. 018 
0. 048 0. 029 0. 20 0. 020 
0. 066 0. 039 0. 16 0. 018 
0. 056 0. 049 0. 15 0. 024 
0. 030 0. 046 0. 17 0.0099 
0. 030 0. 041 0. 15 

0. 096 0. 059 0. 11 0. 014 
0. 070 0. 057 0. 18 0. 017 
0. 089 0. 067 0. 18 0. 015 
0. 053 0. 18 0. 19 0. 019 
0. 059 0. 086 0. 17 0. 022 

Drive Force 0. 092 
0. 094 

0. 077 
0. 077 

0. 19 
0. 13 

0. 019 
0. 016 

0. 049 0. 014 0. 20 0. 016 
0. 066 0. 078 0. 16 0. 027 
0. 056 0. 11 0. 15 0. 020 
0. 030 0. 014 0. 17 

0. 15 
0. 052 
0. 017 

0. 27 0. 052 0. 35 0. 024 0. 27 0. 0078 
Wave 0. 33 0. 048 0. 32 0. 035 0. 26 0. 015 

Amplitude 0. 26 0. 044 0. 36 0. 028 0. 28 0. 012 
0. 26 0. 052 0. 22 0. 038 0. 26 0. 018 

Response 0. 33 
0. 26 

0. 046 
0. 044 

0. 025 0. 085 0. 032 0. 038 0. 037 0. 015 

Wave 0. 017 0. 061 0. 026 0. 038 0. 026 0. 014 
0. 012 0. 055 0, 016 0. 033 0. 017 0. 01 1 

Amplitude 0. 0085 0. 055 0. 01 1 0. 026 0. 012 0. 0091 

Decay 0. 006 0. 050 0.0085 
0.0065 

0. 023 
0. 016 

0. 025 0. 081 0. 026 0. 039 0. 036 0. 019 
0.017 0. 058 0. 016 0. 042 0. 026 0. 015 
0. 012 0. 036 0. 01 1 0. 015 0. 017 0. 0094 
0.0085 0. 041 0. 0085 0. 024 0. 012 0. 0085 

0. 006 0. 01 1 0. 0065 0. 017 
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measuring the low components of ring force opposing the wave velocity and the 
low components of drive force in phase with the . ank velocity, this data is con- 

sidered in agreement with theory. 

For the shallower of the two values of submergence where 
(d/a)   =   0. 253,   the data agree with the prediction of \ t-.(ft   /a)  '      but the values 
are about 20 per cent lower  than the results given by Equation (8).     This  should 
possibly be considered as  reasonable agreement,   however,   the deviation indi- 
cated at one ring depth and the absence of a confirmed deviation at the  other 
does lead one to question whether the measured damping is following the exponen- 
tial depth relation 

C.      Interaction of the  Damping Ring and the  Liquid Surface 

The expected very high damping was qualitatively confirmed for the 
case where the damping ring breaks through the free surface during a slosh 
cycle.     Since the technique has not been developed to a degree of perfection 
allowing accurate numerical data to be obtained,   it is recommended that the 
submerged-ring theory be used 

1.       A New Slosh Phenomenon 

During the course of the ring-splashing explorations,   accurate 
recordings were made of a new  slosh phenomenon which had not been previously 
observed       When the damping ring was mounted at the free  surface,   large 
waves that splashed against the ring at the normal first-mode frequency were 
highly damped      An oscillation of  small amplitude persisted,   however,   with 
very low damping       Its frequency was higher than the normal first-mode fre- 
quency but not as high as the   second-mode frequency 

The circular  frequency for  lateral   sloshing oscillations having 
one nodal diameter at the   surface of a liquid in a cylindrical tank is given by 

u)2   =   kg tanh (kh) (15) 
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where   g   is the uniform local acceleration that is directed along the axis of the 
tank,   and the slosh modes in a flat-bottomed tank are governed by the relations 

ka   =   1.84,   5.33,   8.54 (15a) 

Agreement between the calculated and measured frequencies was reported in 
the previous semiannual report.        The  slosh frequency at the beginning of the 
record of ring-splash damping was very close to the calculated frequency 
(f   =  W/ZTT) of 1. 74 cps for the first mode (a   =   0. 495 ft ,   h   =   1. 04 ft).     After a 
few cycles at high damping,   the wave no longer  splashed against the ring;   the 
anchor-force-decay record,   however,   showed a shift to a new frequency of 
2. 04 cps for a small wave that persisted and was principally confined to the 
region inside the ring.     This new slosh mode had the very low damping ratio 
of   y   =   0. 0023. 

The new slosh mode which is caused by the presence of the ring 
has a resonant frequency between the first tank mode frequency (1. 74 cps) and 
the  second (2. 97 cps).     It is therefore a new lateral slosh mode which is not 
present in the tank without baffles.     Interference with missile  stability is not to 
be expected,   however,   because the wave could not be large in amplitude without 
causing flow around the baffle with consequent restoration of the higher damping. 

D.      Effect of Tank Configuration 

The first part of the program on the investigation of various tank con- 
figurations was directed towards determining the damping  requirements for the 
Able-Star fuel and oxidizer tanks.     Preliminary tests had been made at the end 
of the current report period and  were used as the basis for preliminary baffle 
recommendations 

1 Combined Effect of Damping Rings and a Hemispherically Donned 
Bottom 

A hemispherically domed bottom was added to the  existing  1.0 ft. 
diameter cylindrical test tank       The defining cross-section for the position of 
the damping ring and dome  is shown in Figure  3.     The measured damping ratios 
as a function of wave amplitudes are   summarized in  Table   3.      The  measurements 

M, 
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Surface, 
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Annular   Ring , f 
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2 Area = ira 
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Figure  3 Elevation Cross-Section of a Cylindrical Tank 
with a Hemispherically Domed Bottom and an 
Annular  Damping Ring. 
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Table  ?•.    Damping Ratios  for an Annular Ring  in a Cylindrical Tank with 
a Hemispherically Domed Bottom.     Ping Position (h-d)/a  =  0.473, 
Ring-Width Parameter    a =  0.235. 

( 

Method of 

Damping 

Measurement 

- = 0. 168 
a 

- = 0. 379 
a 

«,/a V e./a V 

Wave 

Amplitude 

Decay 

0. 20 
0. 12 
0. 10 
0. 08 
0. 05 
0. 16 
0. 12 
0. 09 
0. 06 
0. 04 
0. 10 
0. 06 
0. 03 
0. 02 
0. 04 
0. 03 
0. 02 
0. 02 
0. 01 

0. 043 
0. 036 
0. 040 
0. 032 
0. 029 
0. 043 
0. 040 
0. 032 
0. 027 
0. 028 
0. 035 
0. 030 
0. 022 
0. 018 
0. 038 
0. 026 
0. 021 
0. 016 
0. 012 

0. 24 
0. 16 
0. 11 
0. 08 
0. 12 
0. 08 
0. 06 
0. 05 
0. 03 
0.02 
0. 02 
0. 02 

0. 020 
0. 019 
0. 018 
0. 013 
0. 017 
0. 013 
0. 010 
0. 010 
0. 0085 
0. 0074 
0. 0061 

Anchor 

Force 

Decay 

0. 20 
0. 13 
0. 098 
0. 076 
0. 053 
0. 16 
0. 12 
0. 09 
0. 06 
0. 04 
0. 10 
0. 06 
0. 03 
0. 02 
0. 04 
0. 03 
0. 02 
0. 02 
0. 01 

0. 036 
0. 037 
0. 032 
0. 030 
0. 021 
0. 038 
0. 036 
0. 026 
0. 018 
0. 023 
0. 041 
0. 026 
0. 027 
0.016 
0. 035 
0. 028 
0. 017 
0.015 
0. 012    i 

0. 24 
0. 16 
0. 11 
0. 08 
0. 12 
0. 08 
0. 06 
0. 05 
0.03 
0. 02 
0. 02 

1 

0. 015 
0. 016 
0. 013 
0. 013 
0. 015 
0. 013 
0. 0096 
0. on 
0.0082 
0. 0078 
0.0061 
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were made by both the anchor-force  and the wave-amplitude-decay methods. 

The  results are  plotted in Figure 4 where it is  shown that the  square-root 

relation between wave amplitude and damping ratio fits the data.     This might 

be expected since,   for the water elevations tested,   the damping is principally 

from the ring. 

2.       Damping Effect of the  Hemispherically Domed Bottom. 

With the  ring removed,   the defining  sketch of Figure  3 is used 

out  only the water le 'el   h   relative to the top of the dome is pertinent.     Pre- 

liminary data is given in  Table 4 and ^lotteu in Figure  5.     It is notou that To 

a. level only one  quarter   radius above  the dome,   the waves are  smooth anu the 

damping is low and possibly viscous  since there is no variation with wave amp- 

litude.     "When thu v/uiox   io  le/cl   wiUi the  aome,   the damping is high and erratic 

since flow across the top of the dome  plunges and dissipates more  energy.     This 

is a very nonlinear effect with the consec uent multivalued possibilities. 

E.      Measuring Equipment and Techniques. 

The  slosh-test facility is  shown in Figure 6.     An improved method of 

varying the  slosh-drive frequency has been provided in order to facilitate 

resonance-curve plotting.      The drive-force dynamometer becomes the anchor- 

force pickup device after  cessation of the drive.     Very little additional equip- 

ment was necessary in  order to check the new techniques for  measuring damping 

Records were made on general-purpose laboratory recorders andX-Y plotters. 

III.     TECHNICAL PLANS 

A.      Work Extensions 

Investigations of transient  sloshing and nonlinear effects and measure- 

ments of the damping for various tank configurations are planned in order to 

support ballistic-missile developments and  space-vehicle missions. 

1 .       Transient Sloshing and  Nonlinear  Effects. 

Observations  of the decay of slosh motions have been the most 

valuable means  of determine damping.     Study of the buildup of slosh motions 
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igure 5.      Dampling Ratios for a Cylindrical  Tank with a Hemispherically 
Domed Bottom. 
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Table 4.     Damping Ratios for a Cylindrical Tank with a Hemispherically 
Domed Bottom. 

Water Leve L with Dome: Water Ab< 3ve Dome: 

Method of h :    0 h =   0.253 
Damping a a 

Measurement 
C./a Y Va 

V 

0. 02 0. 044 0. 045 0.0059 
0. 009 0. 034 0. 032 0.0065 

Wave 0. 004 0. 033 0. 023 0.0072 
Amplitude 0. 09 0. 046 0. 12 0.0073 

0. 04 0. 051 0. 08 0.0064 
Decay 0. 008 0. 057 0. 06 0.0069 

0. 02 0. 068 0. 045 0.0070 

Anchor 0. 008 0. 029 0. 032 0.0065 
0. 09 0. 048 0. 023 0.0067 

Force 0. 04 0. 061 0. 12 0.0059 
Decay 0. 08 

0. 06 
0.0059 
0.0061 
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in response to a programmed input  will also be investigated as a possible 

method that is more analogous to the   situation encountered in a vehicle  mission 

2. Interaction of the  Damping Ring and the Liquid Surface. 

As methods for  measuring high damping and nonlinear effects are 

developed or improved,   they will  be applied to the  ring-splashing problem 

3. Multiple-Ring Damping Effects. 

Unless current propulsion systems  require baffles so close together 

that the  lower baffle is in the eddy produced by the  upper,   current methods of 

combining baffle damping,   or the conservative practice  of ignoring the lower 

baffle,   could not be improved  upon.     It is not expected that the accuracy of 

measurement will be improved  sufficiently to warrant pursuing this problem. 

4. Effect of  Tank Configuration. 

Tank configurations  of interest for current vehicle missions  will 

be tested.     This includes the Able-Star tanks for which tests are in progress. 

A  1. 5 ft diameter  scale model  of one  of these tanks is  shown in Figure   7.      This 

specific  configuration will  be followed by a breakdown of the tank configuration 

parameters to determine   separately the damping effects  of the hemisphencally 

domed bottom and roof. 

B.      Work Schedule. 

The  work schedule  is dictated by current needs in vehicle development 

programs       The first part of the next period will  be  devoted to damping  deter- 

minations   for  Able-Star tanks  and the  associated basic   configurations.      This 

will be followed by the  investigations of transient   sloshing and nonlinear  effects 

Improvements and extensions of the measuring techniques will be made  in order 

to provide experimental  support to analytical  and design work for future  ballistic 

missile and  space-exploration programs 
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vi^urc  7.       One of the Assemblies for a  Variation of Tank Configuration 

(1240) 
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